Purpose: To evaluate the effect of light-cured resin cement application based on etching and silanization on the translucent property of ceramic veneers in different thicknesses, testing the hypothesis that the surface treatment and subsequent resin cement application could influence the translucency of ceramic veneers. The relationship between translucency of ceramic veneers and light transmission irradiated by LED polymerization units was also determined. Materials and Methods: 40 specimens (10 mm diameter) were fabricated from IPS e.max Press HT A2 ceramic ingots, and polished to 0.3 ± 0.01 mm, 0.5 ± 0.01 mm, 0.7 ± 0.01 mm, 1.0 ± 0.01 mm, and 1.5 ± 0.01 mm thick (n = 8/group). One surface of each disc was etched with HF acid, silanized with Monobond-S, and applied with a light-cured resin cement (Variolink N Transparent Base). Before and after the above procedure, the total luminous transmittance (τ ) of all specimens was assessed by a spectrophotometer in a wavelength range of 380-780 nm. A handheld radiometer was used to measure the light intensity irradiated by three LED polymerization units. Light transmission (LT) through ceramic specimens after resin cement application was calculated. Data were statistically analyzed using two-way ANOVA (p = 0.05) and Tukey's test. The correlation between translucency (τ ) of ceramic veneers after resin cement application and light transmission (LT) of curing units was statistically evaluated using Spearman correlation test (p = 0.05). Results: With the increase of ceramic thickness, the transmittance decreased significantly (p < 0.05). For the 0.3-mm, 0.5-mm, and 0.7-mm-thick groups, the transmittance of ceramic specimens was statistically significantly lower after resin cement application (p < 0.05). The r value of Bluephase C8 was 0.988, 0.977 for Bluphase, and 0.883 for Bluephase 20i, indicating that the light transmission (LT%) was positively correlated to the translucency of ceramic veneers, regardless of the type of curing units. Conclusion: After the light-cured resin cement application based on etching and silanization, the ceramic veneers (less than 0.7-mm thick) were less translucent, and the translucency decreased when the thickness increased. Because of the lower translucency of ceramic veneers, the light intensity of LED units transmitted to resin layer would decrease when curing.
In the last few decades, esthetic demands of patients and dentists have led to the development of all-ceramic restorations. The use of ceramic materials has been widespread due to the natural appearance, biocompatibility, chemical stability, high compressive resistance, and a thermal expansion similar to tooth structure. 1 Several commercially available all-ceramic systems for the fabrication of complete coverage crowns as well as veneers have been introduced.
Although introduced several years ago, 2 porcelain laminate veneer is currently one of the most popular esthetic treatment alternatives, especially for anterior teeth. The conservative tooth preparation, the maintenance of healthy tissues, and the potential for excellent esthetics are the major advantages of ceramic veneers. 3, 4 Even with the great advances in ceramic materials, 5 creating esthetic restorations similar to adjacent teeth remains difficult.
Color and light interaction between different materials always interest scientists because of their importance and complexity. Translucency is a significant factor responsible for successful shade matching. There are several methods to evaluate translucency of ceramic materials, such as direct transmittance (τ ), contrast ratio (CR), and translucency parameter (TP). [6] [7] [8] Translucency can be affected by many factors, including the crystal microstructure (crystal volume, refractive index, particle size), thickness, number of firing cycles, 9, 10 pigment, size and distribution of defects, and porosity. The final esthetics of a ceramic restoration are also influenced by the color, translucency, and thickness of underlying luting agent. 11 Veneer is a rational treatment scheme for discolored, stained, and abnormally shaped teeth. Most veneers are made of lithium disilicate glass ceramic with satisfactory mechanical properties, superior shade, and translucency. 12 Veneers 0.3-mm thick are possible in the anterior region, 13 allowing conservative tooth preparation even without tooth preparation; however, clinical challenges, such as maintaining veneers in the correct position, have been experienced with non-preparation thin veneering techniques,.
To a large extent, the bonding strength and durability of tooth surface, resin cement, and ceramic determine the success of veneers.
14 The variables include the properties of adhesive materials, the polymerization mechanism, and the light curing unit. Generally, resin luting agents are required to ensure high bonding strength, as well as minimum film thickness to provide optimum esthetics. 15 Resin cements are usually classified according to the activation modes, namely as self/auto-, light-, or dual-activation. 16 Light-cured cements are used with thin, translucent restorations permitting adequate light transmission. When the ceramic is above 1.5 to 2 mm thick or its opacity inhibits light transmission, using a light-cured resin is not recommended. 17, 18 The main advantages of light-cured cements are sufficient working time, removing excess cement easily before polymerization, the "polymerization-on-demand" characteristic, and superior color stability after cementation. Light-cured resin cements do not contain the chemical initiator amine, which could cause the color of cement to change over time. 18 Since the type of adhesive affects the clinical performance of restorations, light-cured resin is preferred to self-and dual-cured cements. 19 A number of studies have indicated the factors affecting resin polymerization, including the type, thickness, color of ceramic, 20, 21 and the curing light, mode, and light intensity of polymerization units. 22, 23 Several studies have considered the effect of the opacity of restorations on the polymerization of resin cements. More opaque ceramics are required for esthetic treatment of severely darkened teeth, but would attenuate the curing light when it transmits restorations to the adhesive layer, 24 so dual-cured resin cements are preferred. Optimal curing is critical because inadequately polymerized resin cements are prone to altered mechanical properties, decreased bonding strength and dimensional stability, resulting in microleakage, discoloration, and postoperative sensitivity, and thus clinical failure. 25, 26 Especially for light-cured resin, a sufficient quantity of curing light is required to transmit through restorations for adequate polymerization. 27 That is also vital for the initialization of dual-cured resin polymerization.
The crystalline structure, thickness, opacity, and shade of the ceramic restorations might influence the light attenuation to resin layer. Several in vitro studies quantified a considerable light attenuation promoted by ceramics, 20, 23, 28 indicating that the amount of light transmitted through restoration impacts the potential for resin cement polymerization, and any reduction in conversion degree due to inadequate curing light will have an adverse effect on resin performance. Recently, dental polymerization units with higher output have been developed to reduce the curing time. Since the translucency of ceramic is an important parameter in light transmission, the clinical performance of light-cured resin will be determined by both the output of the curing unit and the amount of light transmitted through the restoration to the resin cement.
The cementation procedure includes resin cement application based on surface treatment (HF acid etching and silanization by silane coupling agent) to create optimal adhesion. The microstructure of HF-etched glass ceramic is less dense in crystal structure and characterized by single leucite, without interlocking between crystals. The cement can penetrate to form resin tags. Studies considering whether the modified microstructure and surface morphology of ceramic would affect the translucency are limited.
The aim of this study was, therefore, to evaluate the effect of a light-cured resin cement application on the translucent property of ceramic veneers, testing the hypothesis that resin cement application would influence the translucency of ceramic veneers. The light intensity of LED polymerization units transmitted through ceramic specimens was evaluated to calculate the light transmission (LT%), then the relationship between ceramic translucency and LT was determined.
Materials and methods
Five study groups of disc-shaped ceramic specimens (10 ± 0.1 mm diameter, n = 8) were fabricated from a lithium disilicate glass-ceramic (IPS e.max Press HT ingots, A2 shade; Ivoclar Vivadent, Schaan, Liechtenstein) according to the manufacturer's recommendations. Wax patterns of different thicknesses were prepared, invested in IPS PressVest Speed (Ivoclar Vivadent), and burned out in a furnace at 850°C for 60 minutes. The investment were hot-pressed with IPS e.max Press HT A2 ingot in an EP5000 furnace (Ivoclar Vivadent) at 920°C.
The discs were milled to desired thicknesses. Each surface was ground with 400-, 600-, 800-, and 1200-grit silicon carbide sandpaper on a grinding device (Mecatech 234; PRESI, Tavernolles, France), polished using progressively finer diamond polishing paste down to 0.5 μm, and then ultrasonically cleaned for 15 minutes to eliminate any contamination, and dried. The thickness was gauged with a digital electronic caliper (Beijing Measuring Equipment Ltd, Beijing, China) with a precision of 0.01 mm on four central axes. The ultimate thicknesses of the five groups were 0.30 ± 0.01 μm, 0.50 ± 0.10 μm, 0.70 ± 0.01 μm, 1.00 ± 0.10 μm, and 1.50 ± 0.10 μm (n = 8/group).
Total luminous transmittance (τ ) test
Direct transmittance was used to quantitatively describe ceramic translucency. Each specimen was positioned in the spectrophotometer to test the total luminous transmittance in the visible spectrum with 380 to 780 nm wavelengths. Three numerical readings were taken for each specimen at 10 nm intervals. The consecutive values of direct transmittance (T%) in the range were quantitatively analyzed. An UV/VIS spectrophotometer (Shanghai Optical Instrument Factory, Shanghai City, China) was used for the measurement, with the calibration parameters of scan mode including: 0.5 nm slit, 240 nm/min scan speed, 10 nm smooth, 380 to 780 nm (visible and UV) light range, with 1 nm data interval. An integral equation concerning T(λ) (the direct transmittance at individual wavelength), S(λ) (the relative spectral power distribution), and V(λ) (the spectral luminous efficiency) was used in calculation. The ultimate τ 1 for each specimen is an integral result of the total luminous transmittance in the visible spectrum.
Light-cured resin cement application
A very popular light-cured luting resin (Variolink N Transparent Base; Ivoclar Vivadent) was applied according to the manufacturer's instructions. One surface of each ceramic disc was first etched with 9.8% hydrofluoric acid (IPS Ceramic etching gel; Ivoclar Vivadent) for 20 seconds. The etched surface was thoroughly rinsed with water spray and dried with oil-free air. A primer agent (Monobond-S; Ivoclar Vivadent) was applied to react for 60 seconds, then dispersed with a strong stream of air. We used the application tip to apply Variolink N Transparent Base directly on the prepared surface of the specimens. The specimen was placed on a glass plate. A Mylar strip was positioned on top of it to ensure a smooth surface, and the excess material was removed. The pressure (1 kg) was increased and maintained for 5 minutes to form a thin resin layer. Then the resin film was cured by a LED unit (Bluephase, 1200 mW/cm 2 ; Ivoclar Vivadent) for 10 seconds. The curing unit was directly centered on the untreated surface to maintain the maximum light energy onto the specimens and transmitted to the resin. The untreated ceramic surfaces were labeled and marked to avoid any surface confusion. Finally, the resin surface was polished to ensure that the specimen was the same thickness as that before resin cement application. Then the total luminous transmittance τ 2 was measured with the treated surface facing the detector.
Measurement of light transmission of curing units
Three LED dental polymerization units, Bluephase C8, Bluphase, and Bluphase 20i (Ivoclar Vivadent), were evaluated. Each unit had a guide with 7-mm-diameter tip. The intensity of the light output from each polymerization unit (In0) was assessed with a radiometer Bluephase Meter (Ivoclar Vivadent). Light intensity transmitted through the ceramic specimen after resin cement application (In1) was also determined by placing the disc on the aperture of the radiometer with treated surface down, irradiation directly centered on the ceramic surface for 10 seconds at the highest setting, and then recording the values of resultant light readings through the specimen.
The instrument measured the light intensity as the luminous flux in mW/cm 2 received by the radiometer detector. The light transmission (LT) was calculated by the formula:
where In0 (mW/cm 2 ) represents light intensity of polymerization units; In1(mW/cm 2 ) represents light intensity transmitted through ceramic specimen after resin cement application; and LT (%) represents light transmission of polymerization units.
The Bluephase Meter is suitable for measuring the light intensity of LED polymerization units in dentistry. It automatically switches on at a light intensity of at least 300 mW/cm 2 . A lower light intensity is indicated with "--" on the display.
SEM (scanning electron microscope) analysis
To examine the microstructure of the ceramic specimen after light-cured resin cement application based on surface treatment, an FE-SEM (field emission SEM, S-4800; Hitachi Ltd, Tokyo, Japan) analysis was performed at 20.0 KV.
Statistical analysis
The total luminous transmittances (τ 1 and τ 2) of five groups were statistically analyzed by SPSS 22.0 (SPPS Inc, Chicago, IL). Two-way ANOVA was used to consider the influence of two factors (ceramic thickness at five levels, light-cured resin cement application) and their interaction. Multiple comparisons were made with Tukey's test to identify statistically significant differences at a significance level of p < 0.05. In addition, the total luminous transmittance τ 2 and light transmission LT of curing units were also evaluated by Spearman correlation test to determine the r value (coefficient of determination), so as to reveal the correlation between them. Table 1 shows the mean values and standard deviations (SDs) of the total luminous transmittance τ 1 and τ 2 representing the translucency of ceramic specimens before and after resin cement application, respectively. Influences of ceramic thickness and resin cement application are presented. Two-way ANOVA analysis proved that thickness, resin cement application, and interaction between them significantly affect the transmittance of the ceramic specimens (p < 0.05).
Results
The transmittance was significantly affected by the ceramic thickness (p < 0.001). Ceramic 0.3-mm thick specimens showed the highest transmittance compared with other groups (p < 0.05). As ceramic thickness increased, transmittance τ 1 and τ 2 both decreased significantly (p < 0.05), indicating a reduction in translucency, no matter whether there was resin cement application.
As to the groups of 0.3 mm, 0.5 mm, and 0.7 mm thick, the transmittance τ 2 was statistically significantly lower than τ 1 (p < 0.05), indicating that the translucency decreased after resin cement application; however, no significant difference between τ 2 and τ 1 was found in groups 1.0 mm and 1.5 mm (p > 0.05), indicating that the translucency was not lower after resin cement application in thicker groups. Light intensity of three curing units, Bluepahse C8, Bluephase, and Bluephase 20i, was recorded. Light intensity transmitted through ceramic discs after resin cement application was also recorded. Light transmission (LT%) of each curing unit was calculated (Table 1) . When the thickness was 0.7 mm or more, the light intensity transmitted by Bluephase C8 was too low to be detected. When the thickness was 1.5 mm, the light intensity transmitted by all tested units could not be recorded. Spearman correlation test was used to evaluate the r value to indicate the correlation between transmittance τ 2 and light transmission LT. As to Bluephase C8, the r value was 0.988, showing strong positive correlation. A similar relationship could be detected with Bluphase (r = 0.977) and Bluephase 20i (r = 0.883). Figure 1 shows SEM images illustrating the morphology configuration of ceramic before and after HF acid etching. The untreated ceramic surface was smooth (Fig 1A) . After etching, the surface became rough, porous, and irregular with the dissolution of glass matrix and exposure of crystals (Fig 1B) . When the resin cement was applied onto the etched surface, it could penetrate and form resin tags for micromechanical bonding. High flowablility resin cement can penetrate completely and combine tightly with ceramic, and almost no defects were left at the interface of ceramic and resin cement (Fig 2) . There was an intimate bonding at the interface of resin cement and etched ceramic, where the resin adequately penetrated into pits and micro-cracks produced by HF acid etching on the ceramic surfaces. 
Discussion
Ceramic veneers are becoming increasingly popular as they promote the color or shape of anterior teeth in conservative dentistry. Among several ceramic systems, lithium disilicate glass ceramic, with excellent esthetic properties and improved mechanical properties, 12 is the most frequently used. Clinical studies have reported the performance of porcelain laminate veneers with high satisfaction and little adverse effect on periodontal health. 14 Resin cements of high bonding strength and superior mechanical properties are commonly used. 16 To take advantages of light-cured resins, clinical practitioners would prefer them for veneer cementation. The factors affecting resin polymerization can be listed as follows: thickness, shade, ceramic translucency, 20, 21 composition, polymerization mechanism of resin cement, as well as output power, curing light, and time of polymerization unit.
22,23

Influence of thickness on translucency of ceramic veneers
The innovative IPS e.max Press lithium disilicate glass ceramic provides accuracy of fit, function, and esthetics while simultaneously featuring a flexural strength of 400 MPa. The ingots are available in levels of translucency for a lifelike esthetic appearance. Given high translucency, HT (high translucency) ingots are ideal for the fabrication of minimally invasive restorations, and can be individualized using staining technique.
Results in this study showed that both the transmittance τ 1 and τ 2 decreased significantly (p < 0.05) as the thickness increased. That is to say, a reduction in translucency was indicated when the ceramic was thicker. This may be due to the extended light path, which contributes to more light absorbed, reflected, refracted, and scattered; thus, the transmitted light is reduced.
Influence of resin cement application on translucency of ceramic veneers
Variolink N is a dual-/light-cured luting composite system for glass ceramic, lithium disilicate glass ceramic, and composite restorations. Variolink N Transparent Base may also be applied in the light-cured technique only (e.g., luting of veneers). The particle size is 0.04 to 3.0 μm, and the mean is 0.7 μm. The total content of inorganic filler in Variolink N Transparent Base is approximately 46.7%vol and 73.4%wt.
In this study, the transmittance τ 2 was statistically significantly lower than τ 1 when the ceramics were 0.3-mm, 0.5-mm, and 0.7-mm thick (p < 0.05), indicating that the translucency decreased after resin cement application. No significant difference was found in the 1.0 mm and 1.5 mm groups. So, although Variolink N Transparent Base is translucent, it still has a negative effect on thinner ceramic veneers with higher translucency. Ceramic translucency has been reported to have an effect on the cured resin polymerization. 29, 30 Adhesion between ceramics and resin cements is provided by two major mechanisms: micromechanical attachment created by acid etching and/or sandblasting, and chemical bonding provided by a silane coupling agent. 31 Hydrofluoric (HF) acid etching chemically or grit blasting mechanically may promote the roughness of ceramic surface and the reactivity to luting agent. A silane coupling agent may be applied to obtain excellent chemical bonding strength as well. 15, 32 HF acid etching can selectively remove the glass matrix and provide a roughened surface for the bonding process. It significantly changes the surface morphology by increasing the surface area, and optimizes the microscopic interaction between ceramics and resin cements. A poorly roughened ceramic surface might result in a shallow depth of resin penetration; however, HF acid etching of silica-based ceramics may produce insoluble silica-fluoride salts as by-products, remaining on the surface and interfering with the resin bond. 33 SEM evaluation showed that HF acid etching resulted in preferential dissolution of the glassy matrix and elongated pillar crystals protrude from the glassy matrix. After resin cement application, SEM photomicrographs of the interface revealed a tight interlocking between etched ceramic and resin. Only a few unfilled voids underlying the interface were detected. A silane coupling agent to the ceramic surface provides a chemical covalent and hydrogen bond for sufficient resin bond to silica-based ceramics. Monobond-S Ceramic Primer is a single-phase pre-activated solution based on the 3-methacryloxyprophyltrimethoxy silane molecules, and was recommended by the manufacturer. The use of silane could help the luting resin penetrate into the etched surface adequately.
In this study, to eliminate the influence of thickness alteration, the thickness of all specimens was maintained unchanged by polishing finely and removing the resin layer. That is to say, the reduction of translucency might result from other causes, such as the modification of microstructure. The possible reasons for this decrease include the differences in chemical composition and microstructure (varied crystalline contents and higher porosity volume) of the resin cement. When resin cement penetrated into the rough surface of etched ceramic to form a microlock structure, light was reflected, refracted, and scattered at the ceramic/resin tag interface, so the light transmitted is reduced. The reductions were statistically significant in thinner ceramics (0.3 mm, 0.5 mm, 0.7 mm) with higher translucency, but not in thicker ceramics (1.0 mm, 1.5 mm). In other words, the effect of resin cement application on translucency is much more apparent when ceramic veneers are more translucent.
The correlation between translucency and light transmission
In addition to esthetics, a strong and durable bonding of resin cements to ceramics provides high retention, improves marginal adaptation, prevents micro-leakage, increases fracture resistance, and plays an important role in the success of restorations. The bonding strength will be achieved by adequate resin polymerization. When curing through ceramics, a substantial amount of light will be lost by absorption, scattering, reflection, and refraction, which is the fact that impelled the curing units of higher light intensity.
The ISO recommendation stated that "polymerization lights with an intensity of 300 mW/cm 2 appear to effectively polymerize most resin-based composite materials when appropriate polymerization times are used, which, in some cases, are longer than those recommended by the manufacturers." 34 Longer polymerization time is necessary to offset decrease in light intensity incident due to both overlying ceramics and light source factors. 35 The development of high-power curing units suggests a noticeable reduction in curing time for luting ceramic restorations.
Research implies the light output energy of LED units may influence the resin cement polymerization, 22, 36 so it is recommended to check the light intensity regularly with a radiometer to ensure adequate polymerization and thus durable high-quality restorations. The Bluephase Meter is a radiometer for measuring energy-rich blue light in the 380 to 515 nm wavelength range, emitted by dental LED polymerization units. The highest outputs of Bluepahse C8, Bluephase, and Bluephase 20i are 800, 1200, and 2000 mW/cm 2 , respectively. The light transmission (LT%) was calculated according to the formula. When the ceramic restoration was a certain thickness (1.5 mm in this research), the intensity of transmitted light of all three curing units would be too low to be detected.
The statistical results indicated the r value was 0.988 for Bluephase C8, 0.977 for Bluphase, and 0.883 for Bluephase 20i. This implies that the light transmission was positively correlated to the translucency of ceramic veneers, regardless of the type of curing unit. The more translucent the ceramic, the more curing light of the polymerization unit will be transmitted to the resin layer to achieve high curing efficiency. Generally speaking, when ceramic veneers are thicker and less translucent, the intensity of incident light for optimal resin cement polymerization is more critical.
Conclusions
Clinically commonly used thicknesses of lithium disilicate glass ceramic veneers and a light-cured resin cement application were discussed. With the limitations of this in vitro study, the following conclusions can be made:
1. The translucency of thin ceramic veneer (less than 0.7 mm thick) may be decreased by resin cement application. 2. When the restorations are less translucent, the light intensity transmitted through ceramic to resin layer can be decreased, even with polymerization units of high output.
